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Metal oxides and nitridesAbstract The synthesis and characterization of NiW and CoW compounds are herein reported.
The NiWO4 and CoWO4 samples, successfully synthesised by the hydrothermal method, were trea-
ted under NH3 to obtain the metal nitride. The SEMmicrographs show that this transformation is a
topotactic process. Tungsten trioxide was also treated under NH3 at similar operating conditions,
and used as a reference. High nitrogen contents after ammonolysis were calculated, however, the
percentages were below the theoretical values assuming the formation of pure NiWN, CoWN
and WN. The XRD pattern indicates that WON is likely formed after ammonolysis of tungsten
oxide whereas phase segregation was observed on the nickel and cobalt samples. Furthermore,
the reactivity of the nitride samples as function of temperature was measured under argon and
the results show that most of the nitrogen is removed from the cobalt and nickel samples whereas
it was partially released from the tungsten specimen.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Metal nitrides are of interest due to their electronic and mag-
netic properties, their hardness and their application as cata-
lysts (Oyama, 1996; Alexander and Hargreaves, 2010). Interms of catalysis, much interest has centred upon the possibil-
ity of using certain metal nitrides as potential replacements for
precious metal based catalysts, although caution should be
exercised when drawing analogies with the activity of noble
metals and nitrides should be recognized as interesting cata-
lytic materials in their own right. Recently, attention has been
focused upon the possibility of using certain interstitial metal
nitrides as nitrogen transfer reagents wherein lattice nitrogen
derived species could be directly transferred to organic target
molecules potentially by-passing the requirement of ammonia
as an intermediate reactant and indirectly utilizing N2 as a re-
agent (Mckay et al., 2007, 2008; Hargreaves and Mckay, 2009;
Cairns et al., 2010). Such processes would be very attractive
406 J.L. Rico et al.since they could lead to a reduction in the requirement of
ammonia which is produced industrially by a very intensive
process. Some success in terms of the utilization of N2 as a
reactant for the preparation of organic nitrogen containing
molecules has been achieved using organometallic Ti-contain-
ing systems (Mori, 2004). In terms of heterogeneous candi-
dates, the reversible loss of lattice nitrogen from Co3Mo3N
to yield the Co6Mo6N phase, which possesses the g-12 carbide
structure which was previously unprecedented for nitrides has
been accomplished by reduction using H2 at elevated tempera-
tures [8]. Restoration of the original g-6 carbide structure Co3-
Mo3N phase has been achieved using either an N2/H2 mixture
or with N2 alone. It is interesting to note that the lattice nitro-
gen in the isostructural Fe3Mo3N and the b-Mn structured
Ni2Mo3N phases is apparently a lot less reactive than that in
Co3Mo3N and analogous reduction processes have not so far
been observed with these systems (Mckay et al.,2008; Har-
greaves and Mckay, 2009; Hunter et al., 2010; Gregory
et al., 2011). On this basis, it can be seen that ternary molyb-
denum nitrides present interesting behaviour in terms of their
reduction characteristics which is dependent upon their com-
position. Accordingly, in order to gain improved understand-
ing of the processes involved we have sought to extend our
studies towards the elucidation of the behaviour of analogous
ternary tungsten nitrides. The preparation and initial thermal
stability screening of some such systems are presented within
this manuscript.1000
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The synthesis of NiWO4 and CoWO4 was performed by a
hydrothermal method. For this purpose, the required quanti-
ties of Na2WO4Æ2H2O, Co(NO3)2Æ6H2O (both obtained from
Sigma–Aldrich) and Ni(NO3)2Æ2H2O (obtained from J.T. Ba-
ker) were used as precursors. The tungsten salt was ﬁrst dis-
solved in water under stirring and the second metal salt,
previously dissolved in water, was poured into it, at room tem-
perature. The slurry was then transferred to a Teﬂon lined reac-
tor and kept at 110 C for 15 h. The precipitated solid was then
washed with deionised water and dried overnight at 110 C and
was then ﬁnally calcined at 500 C for 5 h. WO3 was obtained
from Sigma–Aldrich and was used as supplied. For the synthe-
sis of nitrided samples, about 0.8 g of NiWO4, CoWO4 or WO3
was placed in a quartz reactor and treated under 94 ml/min of
NH3. The temperature was increased from ambient tempera-
ture to 358 C at 5 C/min, then at 0.5 C/min to 448 C and ﬁ-
nally to 785 C at 2 C/min. At this ﬁnal temperature a dwell
time of 2.5 h was used. All samples were cooled down to ambi-
ent temperature under the NH3 ﬂow. The CoWO4, NiWO4 and
WO3 samples after ammonolysis were respectively labelled as
CoWN, NiWN and WN. Finally the stability of the metal ni-
trides was determined by thermogravimetry. For this purpose
about 0.03 g of the nitrided solid was placed in a crucible and
heated from ambient temperature to 1000 C at 5 C/min. In
addition 100 ml/min of argon was used as a carrier.20 40 60 80
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Figure 1 XRD patterns of the cobalt tungsten and nickel
tungsten oxides.3. Characterization
X-ray diffraction (XRD) patterns of the powdered samples
were acquired using a Siemens XRD 5000 diffractometer.
The diffractometer was operated at 40 kV, 30 mA usingCu-Ka radiation (k= 1.5406 A˚). The step size used was
0.02 and patterns were recorded in the 2h range from 5.0
to 85.0 using a counting rate of 1 s per step. Surface areas
were determined using N2 physisorption at 77 K applying the
BET method and using a Micromeritics Gemini instrument.
CHN analysis was performed using an Exeter Analytical CE-
440 elemental analyser. SEM images were taken using a
XL30 ESEM Philips microscope operating at 20 kV in order
to study the morphological features. The elemental mapping
images were acquired by using a JEOL JSM-6400 scanning
electron microscope provided with a Bruker XFlash-4010
detector. The reactivity of the metal nitrides under argon
was determined in a SDT Q 600 instrument supplied by TA
Instruments.
4. Results and discussion
The XRD patters of the synthesised CoW and NiW oxides are
presented in Fig. 1. The XRD pattern of the commercial WO3
material, which is not presented, agrees well with themonoclinic
WO3 (JCPDS reference pattern 043-1035). The diffraction pat-
terns presented in Fig. 1 match well with those expected. The
pattern in red in Fig. 1, matches to CoWO4 (JCPDS reference
pattern 015-0867) with the strongest peak corresponding to
the (111) reﬂection occurring at a d spacing of 2.916 A˚. The pat-
tern in black in Fig. 1,matches toNiWO4 (JCPDS reference pat-
tern 015-0755) and again themajor peak is the (111) reﬂection at
2.889 A˚. According to the JCPDS references, both the CoWO4
and NiWO4 phases are monoclinic and belong to the P2/a and
P2/c space groups, respectively. Furthermore, the unit cell
parameters for CoWO4 are a= 4.947 A˚, b= 5.682 A˚,
c= 4.669 A˚ and b= 90.000o whereas those for NiWO4 are
a= 4.600 A˚, b= 5.665 A˚, c= 4.912 A˚ and b= 90.000o. Both
compounds are isostructural as is apparent from Fig. 1. Since a
very good agreement between the patterns and the JCPDS data-
base is observed, it can be concluded that the synthesis method
favours the formation of CoWO4 and NiWO4.
The incorporation of nitrogen into the structure of the
CoWO4 and NiWO4 during nitridation resulted in some phys-
ical and chemical changes as presented in Table 1. It can be ob-
served that the metal oxide precursors exhibit low surface areas,
Table 1 Speciﬁc surface areas of the oxide precursors and
nitrided samples and nitrogen contents following nitridation.
Sample Speciﬁc surface
area prior to
nitridation (m2/g)a
Speciﬁc surface
area following
nitridation (m2/g)a
Nitrogen content
following nitridation
(wt.%)b
CoW 4.5 7.5 5.97
NiW 3.8 6.5 5.32
W 1.7 16.7 6.60
a Determined by BET analysis of N2 physisorption isotherms
determined at 77 K.
b Determined by combustion analysis.
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sample showed a much greater increase than that which oc-
curred for the CoWO4 and NiWO4 samples. Table 1 also shows
the percentage of nitrogen associated with the samples. In addi-
tion to lattice nitrogen species, nitrogen could also be in the
form of sorbed NHx residues, however the latter species were
neglected since hydrogen determined by the CHN analysis
was null. The relatively low surface areas of the ﬁnal materials
would also suggest a relatively low limit on the quantity of
sorbed residues. If the NiWN and CoWN phases are assumed
to be formed after nitridation, theoretical values of 5.45 and
5.46 wt.% would be respectively expected. The experimental
weight percentage for the cobalt compound is higher, whereas
that for nickel is lower than those predicted by theory. In the
case of W, the incorporation of N into the structure wasFigure 2 Micrographs of CoW samples before (A) and after
nitridation (B).6.60 wt.% and the theoretical value for WN is 7.08 wt.%. This
difference will be discussed below. Figs. 2–4 show representa-
tive scanning electron micrographs of the metal oxide systems
before and after nitridation. To facilitate comparison, all the
micrographs presented are recorded at the same magniﬁcation.
It is worth noting the similarity in morphology between
samples prior to and following nitridation which indicates
the pseudomorphic nature of any transformation process
undergone.
The XRD patterns for CoWN, NiWN and WN are pre-
sented in Fig. 5. The apparent similarity in the three patterns
is obvious. The only difference is that the reﬂections at ca.
47 and 52 2h are not apparent in the nitrided WO3 sample.
In addition, these reﬂections are more intense for nitrided
NiWO4 than for nitrided CoWO4. Although, no absolute
match with the database could be made, the pattern for a co-
balt tungsten oxide nitride of formula CoWO1.2N (JCPDS ref-
erence pattern 00-050-0135), resembles that for the nitrided
cobalt tungstate material. This reference corresponds to a
face-centred cubic system with a= 4.13 A˚ and the calculation
from the experimental pattern yields a= 4.156 A˚. It was there-
fore concluded that a cobalt tungsten oxynitride was formed
after ammonolysis. In addition to this phase, cobalt metal
(JCPDS reference pattern 00-001-1259) with reﬂections at
about 44.4, 51.3 and 75.4 2h, and WN (JCPDS reference pat-
tern 03-065-2898) with reﬂections at about 37.7, 43.8, 63.7 and
76.4 2h could also be formed. In this respect, Subramanya Her-
le et al. (1995) reported XRD reﬂections at about 37, 44, 63
2h for NiWN2 and CoWN2 synthesized at 600 C during 20 h.Figure 3 Micrographs of NiW samples before (A) and after
nitridation (B).
Figure 4 Micrographs of W samples before (A) and after
nitridation (B).
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Figure 5 XRD pattern for the NiWN, CoWN and WN samples.
408 J.L. Rico et al.Although the nitriding temperature was different than ours,
and the exact experimental procedure is not detailed in the
above reference, Ni and Co segregation was reported to occur.
To further investigate metal homogeneity in the cobalt tung-
sten and nickel tungsten systems upon nitridation, elemental
mapping of several areas was undertaken and some represen-
tative mapped regions are presented in Figs. 6 and 7. Although
both ﬁgures show good metal distribution, it was not possible
to conclude from the SEM images whether or not metal segre-
gation was present. On the other hand, we were unable to ﬁnd
a close match in the database for the nitrided nickel tungsten
sample’s XRD pattern. This solid seems to be a mixture of dif-
ferent compounds, such as nickel, tungsten nitride oxide and
tungsten nitride. In addition, since the patterns in Fig. 5 areFigure 6 Co (A) and W (B) mvery similar and the strong signal at about 37o 2h was not
possible to match, the nickel sample might also contain a
NiWON phase, similar to CoWO1.2 N for the cobalt sample,
but no reference was found. The signal at 52o 2h for the
NiW sample might be attributed to nickel metal with a PDF
No 03-065-2865. Other strong signals for the PDF No 03-
065-2865 reference are located at 51.84 and 76.37o 2h. The lat-
ter could be easily overlapped with a signal at 76.22o 2h from a
tungsten nitride oxide of PDF No. 00-025-1254, assuming its
formation after segregation. It is therefore possible that the
NiW sample after ammonolysis contains a mixture of com-
pounds. It is also worth noticing that the nitrogen content
for this sample is high and smaller than the theoretical one
for pure NiWN. On the other hand, the nitriding conditions
for the synthesis of the tungsten sample were identical to those
followed for CoW or NiW. The signals for the experimental
pattern for the tungsten sample are closer to the tungsten oxy-
nitride than to WN. It was therefore concluded that the sample
is probably a tungsten nitride oxide of reference No. 025-1254.
This statement agrees well with the nitrogen percentage deter-
mination of 6.60 wt.% whereas theory predicts 7.08 wt.% for
WN. These results show the difﬁculty to obtain pure tungsten
and ternary tungsten nitrides following ammonolysis.
The thermal stability of the nitrided systems was deter-
mined in TGA experiments conducted under Ar ﬂow, see
Fig. 8. Among the samples, CoWN showed the lowest lossapping of CoWN sample.
Figure 7 Ni (A) and W (B) mapping of NiWN sample.
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1.98 wt.% from ambient temperature to about 550 C which
was attributed to physisorbed water and dehydroxylation.
The proﬁle reached a plateau and then decreased in two steps
from about 700–900 C. This loss in weight is assigned to the
elimination of nitrogen from the solid structure. The total
weight loss of this sample during the treatment was
5.79 wt.% which is close to its nitrogen content (5.97 wt.%,
Table 1). For the NiWN sample, the weight loss assigned to
physisorbed water elimination and dehydroxylation, from
ambient temperature to 550 C, was 2.28 wt.%. The following
decrease in weight was attributed to the loss of nitrogen and
occurred approximately at a constant rate from about 650–
850 C. A sharp decrease follows at about 880 C. The total
weight loss of this sample was 6.07 wt.%, which again is not
too far from its nitrogen content (5.32 wt.%, Table 1). Finally
the WN weight-loss proﬁle differs from those for Ni and Co
samples. The mass loss for this sample was 3.54 wt.% at about
550 C and 4.90 wt.% during the whole treatment under ar-
gon, which compares to the 6.60 wt.% nitrogen content (Ta-
ble 1). It is interesting to notice that in the case of nickel and
cobalt compounds most of the nitrogen from the structure ap-
pears to be eliminated, whereas in the case of tungsten it is only
partially removed at temperatures up to 900 C, indicating a
difference in stability under argon.0 200 400 600 800 1000
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Figure 8 TGA proﬁles of metal nitrides under a ﬂow of argon.5. Conclusion
The synthesis of NiWO4 and CoWO4 was successfully
achieved following a hydrothermal method. The transforma-
tion of these oxides to their respective nitrides was attempted
using NH3. However, pure tungsten or ternary tungsten ni-
trides were not achieved indicating the difﬁculty to prepare
these compounds using NH3. In the case of tungsten the
formation of a WON is likely to occur during ammonolysis,
whereas a mixture of different compounds probably occurred
during ammonia treatment of the nickel and cobalt samples.
Results from SEM indicate that this transformation is
pseudomorphic in nature. High nitrogen contents after
ammonolysis were determined, however, the nitrogen weight
percentages were below the theoretical values assuming the
formation of pure NiWN, CoWN and WN. The TGA results
showed that below 1000 C most of the nitrogen from the
nickel and cobalt compounds is removed, whereas at most
only 74 wt.% was eliminated from the tungsten sample.
This indicates a difference in stability of the samples under
argon.
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